This work presents the result of structure investigations of V 2 O 5 nanorods grown from thin films and powders prepared by sol-gel method. To examine the best temperature of nanorods crystallization, thin films deposited by spin-coating method on quartz glass or silicon substrates and bulk xerogel powders were annealed at various temperatures ranging from 100 ∘ C to 600 ∘ C. The structure of the samples was characterized by X-ray diffraction method (XRD), scanning electron microscope (SEM), differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), and mass spectroscopy (MS). The rod-like structure of V 2 O 5 was obtained at 600 ∘ C on both quartz glass and silicon substrates and also from the bulk xerogel. The growth process and the effect of annealing treatment on the nanostructure are briefly discussed.
Introduction
For the last decade, one-dimensional (1D) nanostructures have been intensively studied due to their remarkable physical and chemical properties, which may predispose them to potential applications in highly functional devices [1] . Because of their fascinating physical and chemical properties, vanadium oxide nanostructures seem to be especially interesting. These result from the various metal oxidation states (from +II to +V) and the different V-O coordination geometries, which allows for many commercial applications in optical, electrical, electrochemical, and thermochromic devices [2] [3] [4] [5] [6] . The most stable oxide in the V-O system is V 2 O 5 and has several polymorphs, including -V 2 O 5 (orthorhombic) [7] , -V 2 O 5 (monoclinic or tetragonal) [8] , and -V 2 O 5 (orthorhombic) [9] . The synthesized V 2 O 5 nanomaterials compared to commercial materials appreciably improve the performance in devices for energy storage and photocatalytic. For instance, Pan et al. [10] reported that a nanostructured vanadium oxide (V 2 O 5 ) exhibits much better electrochemical performance for high-rate lithium batteries than commercial microsized V 2 O 5 . Puangpetch et al. [11] showed that V 2 O 5 nanosheet synthesized via surfactant modified sol-gel technique exhibited superior photocatalytic H 2 production activity than a commercially available V 2 O 5 powder for both self-photoexcitation and dye photosensitization systems under visible light radiation. Nanostructured 1D vanadium oxides are usually prepared by different techniques, as hydrothermal method, electrospinning, magnetron sputtering, controllable self-assembly, and sol-gel method [1, 6, 12] . The most favorable method for preparation of 1D structures may be sol-gel technique. It is due to its low cost and simple procedure [13] . The sol-gel method is based on the hydrolysis and condensation processes of molecular precursors, for instance, metal alkoxides or hydroxylated metal ions in aqueous solutions [14] , and offers a suitable synthetic path for creating materials with very unusual properties as compared to traditional solid-state chemical techniques [15] . There are a lot of papers about V 2 O 5 nano-and microstructures preparation by sol-gel technique. For instance, Gotić et al. [16] obtained V 2 O 5 powders consisting of big particles of irregular shape using vanadium (V) triisopropoxide as a precursor.Özer [6] described growth of one-dimensional V 2 O 5 nanorods on glass substrates by a dip-coating process from a sol synthesized by sol-gel method using V 2 O 5 powder as a precursor, whereas Niederberger et al. [17] prepared V 2 O 5 nanorods from VOCl 3 sol. However, there is a lack of information about difference between the formation of V 2 O 5 nanorods on the substrate surface and from the xerogel powder from the same precursor. Also the influence of the substrate structure on the nanorods growth is still considered in literature.
In the present work, we have focused on the synthesis and structure investigations of V 2 O 5 nanorods grown on substrates and from xerogel powders. In both cases, the precursor was the same and nanorods were grown during thermal annealing.
Experimental
2.1. Synthesis. The starting solution was prepared by mixing vanadium (V) oxytripropoxide, an anhydrous ethyl alcohol as solvent and acetylacetone. The coatings were deposited by spin-coating technique at a rate of 100 rps on precleaned quartz glass and silicon substrates and dried at 50 ∘ C for 48 h in air atmosphere. After this, transparent and homogeneous coatings were obtained. Repeating the above procedure three times resulted in approximately 600 nm thick films. The thickness of the films was measured by Tencor AlphaStep 500 stylus-based surface profiler. By drying the sol at the same conditions as thin films, it transforms via gel into a xerogel powder. To obtain nanocrystals, the films and the xerogel powders were subsequently annealed at the temperatures ranging from 100 ∘ C to 600 ∘ C for 10 h and then cooled to the room temperature.
Characterization.
Phase composition of manufactured samples was examined by X-ray diffraction method (XRD) by Philips X'Pert diffractometer system using CuK radiation in a range of 10 ∘ -80 ∘ of 2 . Surface morphology of the samples was studied with scanning electron microscope (SEM) using FEI Company Quanta FEG 250. All measurements were carried out at room temperature.
Simultaneous thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were performed under synthetic air with heating rate 10 ∘ C/min from 40 ∘ C to 700 ∘ C using Netzsch STA 449 F1. This system is characterized by a very high resolution, 25 × 10 −12 kg at a weighing range of 5 × 10 −3 kg. However, there are several uncertainties associated with TGA measurements. The STA449 F1 has a vertical sample carrier and in order to account for buoyancy effects, a correction curve with empty crucibles was first obtained and then subtracted from the experimental results. To avoid heat and mass transfer limitations, approximately 4 × 10 −6 kg of sample was used, and platinum/rhodium crucibles without lids were employed. The total uncertainty associated with measurement was 0.005% by weight of the sample and was included in the final result. The thermal behavior has been studied by using TGA with mass spectrum (MS). The gases that come out from sample during heating were monitored by the quadruple mass spectrometer Netzsch QMS 403C Aëolos. The FT-IR spectra were recorded at room temperature using Perkin-Elmer spectrometer (model Frontier FTIR MIR/FIR). The FT-IR spectra of the samples pressed into KBr pellets were collected in the wave number range 4000-400 cm −1 (mid-IR region) using the KBr beam splitter.
Results and Discussion
Evaluation of the X-ray diffraction patterns of the coatings deposited on quartz glass and silicon substrate depending on annealing temperature is shown in Figures 1(a) and 1(b), respectively. The diffraction peaks of samples annealed at 600 ∘ C match very well the JCPDS Card number 089-0611 which corresponds to the orthorhombic structure with a space group of Pmn (number 21).
The samples annealed at 200 ∘ C, 300 ∘ C, 480 ∘ C, and 600 ∘ C show significant structural changes. The crystallization process starts after heat treatments at 300 ∘ C and -V 2 O 5 is the only crystalline phase in the films. Below this temperature, films are amorphous with visible characteristic peaks of substrates. After increasing the annealing temperature up to 480 ∘ C, a sharp peaks appeared in XRD patterns, indicating crystallization of -V 2 O 5 [8, 15, 18] . When the temperature rises to 600 ∘ C, reflections of V 2 O 5 become more clearly defined. The patterns correspond to a mixture structure of -V 2 O 5 and -V 2 O 5 phases. It may be seen that the films deposited on quartz glass and silicon (Figures 1(a) and 1(b) , resp.) have preferential orientation along (010) plane.
Crystalline structures which were grown in thin films are also present, after heating in the same thermal conditions, in xerogel powders. XRD patterns of the powders heated at different temperatures are shown in Figure 2 .
The diffraction peaks of the sample annealed at 600 ∘ C match very well the JCPDS Card number 41-1426, which corresponds to the orthorhombic structure with a space group of Pmmn (number 59). The crystallization process also starts after heat treatments at 300 ∘ C and -V 2 O 5 is the only crystalline phase present in the sample. XRD patterns reveal that the intensity of diffraction peaks of -V 2 O 5 increases when the temperature rises up to 600 ∘ C. Further, no signals of other V 2 O 5 phases were detected, indicating that high purity of -V 2 O 5 product was obtained. In comparison, thin films deposited on both substrates and annealed at 600 ∘ C exhibit mixture structure of -V 2 O 5 and -V 2 O 5 phases, whereas powder annealed at this same temperature exhibits pure orthorhombic phase ( -V 2 O 5 ).
The crystallite size of the V 2 O 5 nanoparticles was calculated by the X-ray line broadening method using the Scherrer equation: where is the crystallite size, the Cu radiation of wavelength (1.5406Å), the shape factor (0.9), ℎ the full width at half maximum (FWHM) in radian, and the scattering angle. The average crystallite size of the thin films deposited on both substrates was calculated to the (110) plane of -V 2 O 5 diffraction peak. Crystallite sizes in these samples annealed at 300 ∘ C, 480 ∘ C, and 600 ∘ C were, respectively, about 40 nm, 80 nm, and 150 nm independent of the used substrate type. For other planes of diffraction peaks, the Scherrer formula cannot be used because the diffraction peaks are too narrow and calculated crystallite size was above 1 m. In the case of powders, the average crystallite size was calculated to the most intensive peak corresponding to the (110) plane. The crystallite sizes for these samples annealed at 300 ∘ C, 350 ∘ C, 500 ∘ C, and 600 ∘ C were, respectively, about 60 nm, 80 nm, 350 nm, and 350 nm. Figure 3 shows differential scanning calorimetry (DSC) results for as-prepared xerogel powder. DSC spectra show three exothermic peaks at 293 ∘ C, 382 ∘ C, and 503 ∘ C and one endothermic peak at 676 ∘ C. It may be noticed on the basis of the thermal analysis results and the study of XRD patterns that the first exothermic peak located at 293 ∘ C in the DSC curve can be attributed to the beginning of the crystallization process of -V 2 O 5 . The next one at 382 ∘ C may correspond to -V 2 O 5 structure transformation: -V 2 O 5 nanocrystals start to form -V 2 O 5 nanorods. With this process, the mass losses of the sample are correlated (see Figure 4) . Evaporation of residual organics probably predisposes to crystallization process of nanorods. Exothermic peak at 503 ∘ C may be attributed to -V 2 O 5 phase formation. This phase is not observed in XRD results. However, the quantity of this phase may be too little to be detected by our equipment. On the other hand, -V 2 O 5 phase is not stable and could transform into -
Journal of Nanomaterials phase during cooling. The transition process ( -) is connected with compression of structure along the -axis by crystallographic shear [9] . In the case of V 2 O 5 thin films, the substrates (silicon and quartz glass) support the formation of isolated VO units containing one terminal V=O bond and three bridging V-O-Si bonds (trigonal pyramidal coordinations) [19] . The interaction between a substrate surface and vanadium oxide thin films stabilizes the structure and prevents transformation -V 2 O 5 into -V 2 O 5 phase during cooling. A sharp endothermic peak at 676 ∘ C is due to the melting of V 2 O 5 . The melting temperature is in good agreement with reported data [20, 21] .
TGA with MS is a power method to analyze the mechanism of thermal behavior of the samples. The abundance of the / 18 and / 44 signals versus temperature can be seen in Figure 4 . The / 18 signal corresponds to the (H 2 O), and the / 44 signal corresponds to (CO 2 ). The peak of / 18 below 100 ∘ C suggests that the weight loss of 3.88% in the TGA curve is due to the evaporation of water from the sample surface. The broad peak on the mass spectrum of / 18 observed between 150 ∘ C and 270 ∘ C indicates that the abrupt weight loss of 8.81% from 100 ∘ C to 270 ∘ C period corresponds to the bound water in the structure. Two sharp peaks on the curve of / 18 and / 44 positioned at 300 ∘ C and 380 ∘ C are indicating combustion of residual organics and are producing weight loss of 5.65% and 5.63%, respectively. This reaction is associated with exothermic peaks on DSC curve. Above 400 ∘ C, slight weight gains of 0.03% to 500 ∘ C can be seen. The broad peak on the mass spectrum of / 44 between 470 ∘ C and 530 ∘ C is connected with weight increase of 0.65%. It is correlated with third exothermic peak on DSC curve at 503 ∘ C. This may indicate that -V 2 O 5 --V 2 O 5 phase transformation is associated with oxygen adsorption. Above 550 ∘ C to melting temperature (678 ∘ C), slight weight gain is visible again. This weight increase may be due to reoxidation of nonstoichiometric defects present in sample [22] .
The infrared spectra of the powder samples after thermal treatment at different temperatures, 300 ∘ C, 350 ∘ C, 500 ∘ C, and 600 ∘ C, are illustrated in Figure 5 .
C-H sample up to 600 ∘ C significant change of IR spectrum is visible. Peaks attributed to organics impurities gradually disappeared with increasing temperature, indicating their elimination at 600 ∘ C. These results are consistent with TGA/ MS data. Peaks observed in the region of 400-700 cm −1 are assigned to symmetric stretching of V-O-V. It gradually shifts to the lower wave numbers and merges with bending V-O-V peak with increasing the annealing temperature to 600 ∘ C. FT-IR peaks position and bond attributions in samples and their comparison to the earlier literature are listed in Table 1 [23] [24] [25] . Figure 6 shows SEM images of the coatings deposited on quartz glass and silicon, obtained after thermal treatment at 200 ∘ C for 10 h (Figures 6(a) and 6(b) , resp.). The structure seen in the pictures is homogenously porous, without any cracks. However based on SEM investigations it is not possible to clearly determine whether with increasing temperature from 100 ∘ C to 200 ∘ C the pore size changes and if the pore size is dependent on the substrate. Figures 6(c) and 6(d) show SEM of thin films deposited on quartz glass and silicon, respectively, heated at 300 ∘ C for 10 h. The SEM images show nanoclusters that were formed on the surface of the films.
The nanoclusters which were grown on the quartz glass and silicon have similar dimensions, independent of the kind of the substrate. The average diameter of the V 2 O 5 nanoclusters grown on the samples is 500 nm-1000 nm. The effect of 480 ∘ C temperature annealing on the structure is presented in ∘ C. Summarizing SEM results it may be noticed that thermal treatment strongly influences crystallization process and as a result morphologies and crystal structures are highly dependent on the annealing temperature. This suggests that the surface diffusion phenomenon plays an important role in the growth process of nanorods. Since the annealing temperature is quite high, a high surface mobility is expected during the annealing process, thus favoring the nanorods growth [8, 15] . Actually, the surface diffusion phenomena are common during process of solid-state growth for elongated nanomaterials from initial nanoparticles or powders. Figure 7 shows SEM images of powder samples annealed at different temperatures. The SEM images of xerogel powders annealed for 10 h at the temperatures from 100 ∘ C to 200 and 300 ∘ C reveal that samples have the same porous structure. Comparison to XRD results (Figure 2 ) may suggest that crystallization process at 300 ∘ C does not induce morphological changes. The effect of 350 ∘ C annealing temperature on the structure is presented in Figure 7 ∘ C and 500 ∘ C (Figures 7(b) and 7(c), resp.), it is clear that the initial growth of V 2 O 5 nanorods starts from the nanostructured particles. This significant morphological change is assigned to exothermic peak at 503 ∘ C on DSC curve and attributed to -V 2 O 5 phase formation. With increasing annealing temperature to 600 ∘ C, diameters and length of the V 2 O 5 nanorods become larger (Figure 7(d) ). The width of 6 Journal of Nanomaterials rods ranges between 300 nm and 700 nm, the length 1 m-2,5 m and the thickness of nanorods is about 100 nm. The nanorods growth process in xerogel powder is similar to process described in case of thin films.
Conclusions
The crystallization process that occurs at different temperatures can be described as follows. The samples annealed at 100 ∘ C and 200 ∘ C are amorphous; with the increasing annealing temperature to 300 ∘ C, crystalline V 2 O 5 nanoclusters are formed onto the surface of the films but did not have enough energy to form a crystal structure. A further increase in temperature up to 600 ∘ C causes nanorods growth. So it can be seen that thermal treatment strongly influences crystallization process and as a result morphologies and crystal structures are highly dependent on the annealing temperature. Additionally, a large impact on the size of nanorods has preparation method of the samples. The dimensions of nanorods which grown from xerogel powder and which grown on silicon substrate are similar. However, nanorods grown on quartz glass substrate are about 2-4 times longer and 2-3 times wider than nanorods grown from xerogel powder and grown on silicon substrate. It may be suggested that the type of substrate influences on nanorods dimension. In addition, the substrate stabilizes the structure and prevents transformation -V 2 O 5 into -V 2 O 5 phase during cooling. In summary, the heat treatment of sol-gel derived material at 600 ∘ C leads to V 2 O 5 nanorods crystallization with dimension depending on sample preparation method. This occurs both in sol-gel derived coatings and in the xerogel powders.
